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ABSTRACT 


Ebola virus (EBOV) causes hemorrhagic fevers with high mortality rates. During cellular entry, the virus is internalized by mac- 
ropinocytosis and trafficked through endosomes until fusion between the viral and an endosomal membrane is triggered, releas- 
ing the RNA genome into the cytoplasm. We found that while macropinocytotic uptake of filamentous EBOV viruslike particles 
(VLPs) expressing the EBOV glycoprotein (GP) occurs relatively quickly, VLPs only begin to enter the cytoplasm after a 30-min 
lag, considerably later than particles bearing the influenza hemagglutinin or GP from lymphocytic choriomeningitis virus, 
which enter through late endosomes (LE). For EBOV, the long lag is not due to the large size or unusual shape of EBOV fila- 
ments, the need to prime EBOV GP to the 19-kDa receptor-binding species, or a need for unusually low endosomal pH. In con- 
trast, since we observed that EBOV entry occurs upon arrival in Niemann-Pick C1 (NPC1)-positive endolysosomes (LE/Lys), we 
propose that trafficking to LE/Lys is a key rate-defining step. Additional experiments revealed, unexpectedly, that severe acute 
respiratory syndrome (SARS) S-mediated entry also begins only after a 30-min lag. Furthermore, although SARS does not re- 
quire NPC1 for entry, SARS entry also begins after colocalization with NPC1. Since the only endosomal requirement for SARS 
entry is cathepsin L activity, we tested and provide evidence that NPC1* LE/Lys have higher cathepsin L activity than LE, with no 
detectable activity in earlier endosomes. Our findings suggest that both EBOV and SARS traffic deep into the endocytic pathway 


for entry and that they do so to access higher cathepsin activity. 


IMPORTANCE 


Ebola virus is a hemorrhagic fever virus that causes high fatality rates when it spreads from zoonotic vectors into the human 
population. Infection by severe acute respiratory syndrome coronavirus (SARS-CoV) causes severe respiratory distress in in- 
fected patients. A devastating outbreak of EBOV occurred in West Africa in 2014, and there was a significant outbreak of SARS in 
2003. No effective vaccine or treatment has yet been approved for either virus. We present evidence that both viruses traffic late 
into the endocytic pathway, to NPC1* LE/Lys, in order to enter host cells, and that they do so to access high levels of cathepsin 
activity, which both viruses use in their fusion-triggering mechanisms. This unexpected similarity suggests an unexplored vul- 
nerability, trafficking to NPC1* LE/Lys, as a therapeutic target for SARS and EBOV. 


[- iloviruses are large filamentous viruses that cause deadly hem- 
orrhagic fevers (1-3). Recently, much has been learned about 
how these viruses enter cells to initiate replication (for reviews, see 
references 4—7). After engaging host cell surface proteins, includ- 
ing C-type lectins and T-cell immunoglobulin and mucin domain 
proteins and Tyro3/Axl/Mer family members, Ebola virus 
(EBOV) particles are internalized by macropinocytosis and traffic 
through endosomes. En route, the receptor binding subunit of the 
EBOV glycoprotein (GP) is cleaved by cysteine proteases to gen- 
erate a key 19-kDa form. The 19-kDa GP binds to its intracellular 
receptor, Niemann-Pick C1 (NPC1) (8-10), a multipass mem- 
brane protein that facilitates cholesterol egress from late endo- 
somes (LEs) (11, 12). Yet, NPC1 binding appears to be insufficient 
to trigger the 19-kDa EBOV GP, and the final fusion-inducing 
events remain to be elucidated (4, 7, 10). 

In the present study, we first compared the entry kinetics of 
EBOV and other viral particles. We found that, in the cells studied, 
EBOV begins to enter the cytoplasm only after a 30-min lag, con- 
siderably later than particles bearing the GP of lymphocytic cho- 
riomeningitis virus (LCMV) or influenza virus, which enter the 
cytoplasm through LEs (13—15). We further showed that the late 
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EBOV entry profile is not governed by the unusually large size or 
shape of EBOV filaments, by their macropinocytotic internaliza- 
tion kinetics, by processing of EBOV GP to the 19-kDa species, or 
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by a need for unusually low endosomal pH. Rather, a key rate- 
defining step is arrival in an NPC1* late endosome-lysosome (LE/ 
Lys), a hybrid organelle also referred to as an endolysosome. We 
also found, unexpectedly, that endosomal entry of severe acute 
respiratory virus coronavirus (SARS-CoV) also displays a late en- 
try profile, commencing only after colocalization with NPC1. 
Since the only factor required for SARS endosomal entry is ca- 
thepsin (cat) L, we tested and provide evidence that NPC1* LE/ 
Lys contain higher levels of cat L activity than earlier endosomes. 
The implications of our findings for the sites of EBOV and SARS 
entry are discussed. 


MATERIALS AND METHODS 


Cells and viruses. HEK293T cells (ATCC CRL-11268) and BSC-1 cells 
(grivet kidney; gift of Xiaowei Zhuang, Harvard University) were main- 
tained in high-glucose Dulbecco’s modified Eagle medium, 1% 1-glu- 
tamine, 1% antibiotic/antimycotic, and 1% sodium pyruvate (Gibco Life 
Technologies). Media were supplemented with 10% supplemented calf 
serum (SCS) (HyClone) or 10% fetal bovine serum (Atlanta Biologicals) 
for HEK293T and BSC-1 cells, respectively. These media (with 10% se- 
rum) are referred to, respectively, as HEK293T medium and BSC-1 me- 
dium. 

Plasmids. Plasmids encoding VP40, mCherry-VP40, Blam-VP40, ve- 
sicular stomatitis virus (VSV) G, Zaire EROV GPA, and LCMV GP were 
described previously (16). The plasmid encoding Zaire EBOV GP tagged 
(C-terminal end) with a V5 epitope was a gift of Paul Bates (University of 
Pennsylvania). The plasmid encoding SARS SA19 (SARS S containing a 
truncation of 19 C-terminal amino acids) was a gift of Shutoku Matsuy- 
ama and Fumihiro Taguchi (NUD, Tokyo, Japan). Green fluorescent pro- 
tein (GFP)-Rab5 and GFP-Rab7 were gifts of Marino Zerial (Max Planck 
Institute of Molecular Cell Biology, Dresden, Germany), and NPC1-GFP 
was a gift of Matthew Scott (Stanford University). 

Production of VLPs and HIV pseudovirions. EBOV VP40-based fil- 
amentous VLPs were prepared as described previously (16) with two 
minor modifications: the ratio of plasmids (glycoprotein/VP40/Blam- 
VP40/mCherry-VP40) was 2:1:2:2. VLPs were pelleted through 20% 
sucrose-HM (20 mM HEPES, 20 mM morpholineethanesulfonic acid 
[MES], 130 mM NaCl, pH 7.4) and resuspended in 10% sucrose-HM. 
VLPs were snap-frozen in liquid N, and stored at —80°C for long-term 
storage (in single-use aliquots). To generate the 19-kDa form of EBOV 
GP, EBOV GP-V5 VLPs were washed by pelleting through 20% sucrose as 
described above but resuspended in HM buffer overnight, followed by 
repelleting (124,214 X g for 2 h at 4°C) in an SW55 rotor. Washed EBOV 
GP-V5 VLPs were then resuspended in 10% sucrose-HM (1:100 starting 
volume of medium), and their protein concentration was determined by 
bicinchoninic acid (BCA). A total of 25 ug washed VLPs bearing EBOV 
GP-V5 (in 2 mM CaCl, 10% sucrose, 20 mM HEPES, 20 mM MES, 150 
mM NaCl, pH 7.4) was treated with 0.25 mg/ml thermolysin (VitaCyte) 
containing 0.5 mM CaCl, at 37°C for 30 min. The reaction was quenched 
with 500 uM phosphoramidon (Sigma-Aldrich). The resultant 19-kDa 
EBOV GP VLPs were kept on ice until use. Cleavage of GP to 19 kDa was 
confirmed by Western blotting with mouse monoclonal antibody (MAb) 
H3C8 (against GP1 peptide 72 to 109; gift of Carolyn Wilson, FDA, Be- 
thesda, MD). 

HIV pseudovirions bearing EBOV GP or SARS S and Vpr-Blam were 
produced in HEK 293T cells as described previously (17) with minor 
modifications and clarifications: 10 wg instead of 6 wg of glycoprotein 
cDNA was used, the medium was changed at 4 h posttransfection to 
HEK293T medium (with 5% SCS), and the cells were not treated with 
sodium butyrate. Total media were collected at 48 h posttransfection and 
cleared twice of cell debris by centrifugation at 1,070 X g for 10 min at 4°C. 
Pseudovirions were then pelleted through 20% sucrose-HM for 2 h at 
112,398 X gin an SW28 rotor at 4°C. Pseudovirions were resuspended 
overnight in 1:100 starting medium volume in 10% sucrose-HM at 4°C 
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and then snap-frozen in liquid N, and stored at —80°C for long-term 
storage (in single-use aliquots). Pseudovirions bearing SARS S were pro- 
duced in HEK293T cells that were continually passaged with a nonenzy- 
matic cell disassociation reagent (Sigma-Aldrich) to prevent S protein 
cleavage during pseudovirus production. 

EBOV VLP internalization and EBOV VLP, HIV pseudovirion, and 
influenza entry assays. EBOV VLP internalization assays were conducted 
as described previously (16). For EBOV VLP entry assays, 40 to 50,000 
target cells were seeded into each well of a 96-well microtiter plate. After 
18 to 24 h, when the cells were 90 to 100% confluent, VLPs (5 to 10 pl) 
diluted in chilled Opti-MEM I (OMEM; Gibco Life Technologies) were 
bound to cells by centrifugation at 250 X g for 60 min at 4°C, washed 
with OMEM, and then placed in a 37°C, 5% CO, incubator. At the 
indicated times, the plates were placed on ice, and the medium was 
immediately replaced with OMEM containing 200 nM bafilomycin Al 
(Sigma-Aldrich) to prevent further entry. After 10 min, the cells were 
moved to room temperature (RT), and at the end of the time course, all 
cells were loaded with the Blam substrate CCF2-AM (Invitrogen) and 
processed and analyzed as described previously (16). For experiments 
testing inhibitors, cells were incubated with the indicated inhibitors (in- 
dicated concentrations) for 30 to 60 min prior to the experiment, and 
inhibitors were present at all steps until substrate (CCF2-AM) loading. 
The titer was determined for each VLP prep for entry efficiency, and for 
experiments we used volumes of VLPs aimed to achieve a final extent of 40 
to 50% entry. Across all experiments, the average final percentages of 
entry for VLPs with EBOV GP, VSV G, and LCMV GP were 43%, 56%, 
and 52%, respectively. Bald VLPs bearing no glycoprotein showed no 
cytoplasmic entry (not shown). HIV pseudovirion entry assays were con- 
ducted in the same manner, using 5 to 10 pl pseudovirions, with the 
addition of 5 uM E64d (EMD Millipore) to the bafilomycin quench me- 
dium and substrate-loading buffer. For experiments involving pseudovi- 
rions bearing SARS S, the target cells were BSC-1 cells continually pas- 
saged with a nonenzymatic cell disassociation reagent (Sigma-Aldrich). 
To assay influenza entry, 125,000 BSC-1 cells were seeded into each well of 
24-well microtiter plates. After 18 to 24 h (cells at ~90% confluence), 655 
hemagglutinin (HA) units of X:31 influenza virus (Charles River) were 
diluted into 250 wl chilled OMEM and added to each well. After centri- 
fuging (250 X g) for 30 min at 4°C, the plate was warmed in a 37°C, 5% 
CO, incubator. At the indicated times, entry was quenched with 200 nM 
bafilomycin Al diluted in OMEM. After a total of 6 h at 37°C (to allow for 
new HA expression), cells were lifted with Accumax (Innovative Cell 
Technologies, Inc.), pelleted at 800 X g (4°C), blocked with 3% bovine 
serum albumin (BSA) in phosphate-buffered saline (PBS* *) for 15 min 
on ice, and incubated with the site A (HC3) anti-HA MAb (diluted 1:500 
in 3% BSA-PBS* *) for 45 min on ice. Cells were washed twice with 1 ml 
chilled PBS*™, pelleted as described above, and stained with Alexa 488- 
labeled anti-mouse IgG (Molecular Probes; diluted 1:1,000 in 3% BSA- 
PBS™*) for 30 min on ice. After being washed, as described above, cells 
were fixed with 4% paraformaldehyde (PFAM; Boston Bioproducts) for 
15 min at RT. HA expression was then determined by flow cytometry. 

EBOV GP VLP and SARS S HIV pseudovirion colocalization with 
NPC1. For EBOV VLP colocalization, BSC-1 cells (125,000 cells) were 
seeded on glass coverslips in 24-well plates. After 18 to 24 h, the cells 
(~90% confluent) were washed once with 4°C OMEM, EBOV GP VLPs 
(5 to 10 ul diluted in 250 ul chilled OMEM) were added, and the plates 
were centrifuged for 1 hat 250 X g(4°C). After replacing the medium with 
fresh OMEM, the cells were incubated at 37°C in a 5% CO, incubator. At 
the indicated times, the coverslips were removed, fixed in 4% PFAM for 15 
min, and then permeabilized and blocked in saponin solution (0.05% 
saponin, 10% SCS, 10 mM glycine, and 10 mM HEPES in PBS, pH 7.4) for 
30 min. Rabbit anti-NPC1 MAb (Abcam) in saponin solution (1:500 di- 
lution) was then added to each coverslip for 45 min. After the coverslips 
were washed three times with PBS (~5 min per wash), Alexa 488-tagged 
anti-rabbit antibody IgG (Molecular Probes) in saponin solution (1:1,500 
dilution) was added and the coverslips were incubated for 30 min and 


March 2015 Volume 89 Number 5 


A 12 


1.0 


Activity 
o © 
O ©O 


Oo 
ce 


VSV G 


—@- İntern 
-© Entry 


© 
N 





0 
O 15 30 45 60 75 90 105 120 135 150 165 180 
Time (min) 


1.2 


1.0 


Activity 


Oo 
P 


EBOV GP 


-«- Intern 
-4 Entry 


_ 
N 





0 15 30 45 60 75 90 105 120 135 150 165 180 
Time (min) 


FIG 1 EBOV VLPs are internalized quickly but begin to enter the cytoplasm 
only after a 30-min lag. VLPs bearing either VSV G (A) or EBOV GP (B) were 
bound to the surface of BSC-1 cells at 4°C. After being washed, the cells were 
warmed to 37°C and assayed at the indicated times for internalization from the 
cell surface (closed symbols, solid lines) and cytoplasmic entry (open symbols, 
dashed lines) as described in Materials and Methods. Data points (normalized 
to values at 180 min) are averages from five samples from two experiments (A) 
and eight samples from three experiments (B); error bars indicate standard 
deviations (SD). Asterisks in panel B indicate statistical differences between 
values for EBOV internalization and entry (*, P < 0.05; *** P < 0.0005). 
Similar results were obtained in 293AD and SNB19 cells (not shown). 


washed as described above. Coverslips were then mounted with Fluoro- 
mount G (Southern Biotech) and imaged with a Nikon C1 laser scanning 
confocal unit attached to a Nikon Eclipse TE2000-E microscope with a 
100X, 1.45-numerical-aperature (NA) Plan Apochromat objective. A to- 
tal of 20 to 30 images of cell fields with internalized VLPs were then 
acquired (per sample) and analyzed using the ImageJ software with the 
JACoP plugin to obtain Manders colocalization coefficients. Colocaliza- 
tion of SARS S pseudovirions with NPC1 was analyzed as described above, 
except that pseudovirion location was detected with an anti-HIV p24 
MAb (183-H12-5C; NIH AIDS Reagent Program). 

Characterization of NPC1* endosomes. BSC-1 cells (125,000) were 
seeded on glass coverslips in 24-well plates. After 18 to 24 h, the cells 
(~90% confluent) were washed with PBS , fixed for 15 min with 4% 
PFAM, permeabilized with 0.05% saponin for 15 min, and then blocked 
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FIG 2 EBOV GP VLPs begin to enter the cytoplasm later than LCMV and 
influenza particles. (A) VLPs bearing either LCMV GP (squares, gray line) or 
EBOV GP (open triangles, dashed line) were bound to BSC-1 cells and assayed 
for cytoplasmic entry as described for Fig. 1. Each data point is the average 
from six samples (from three experiments performed in duplicate). Similar 
results were observed in experiments comparing LCMV GP and EBOV GPA- 
mediated entry into BSC-1 cells and LCMV GP and EBOV GP-mediated entry 
into SNB19 cells (not shown). (B) X:31 influenza virus particles (diamonds, 
solid line) or EBOV GP VLPs (triangles, dashed line) were bound to BSC-1 
cells at 4°C. Cells were then warmed and processed and analyzed for cytoplas- 
mic entry of EBOV GP VLPs as described for panel A. Entry of X:31 influenza 
virus was monitored as described in Materials and Methods. Each data point is 
the average from six samples (normalized to the values at 120 min) (from two 
experiments performed in triplicate). Error bars indicate SD. Asterisks indi- 
cate statistical significance between the extent of entry for EBOV GP versus 
LCMV GP (A) or EBOV GP versus influenza (B) particles: **, P < 0.005; ***, 
P < 0.0005. Both the lag before the onset of and the half-life for entry of EBOV 
GP VLPs are independent of the final extent of entry observed in individual 
experiments (not shown). 


for 15 min with 3% BSA-PBS. Cells were then stained with the rabbit 
anti-NPC1 MAb described above and mouse MAbs specific for CD63 
(1:500; Developmental Studies Hybridoma Bank [DSHB]), Lamp-1 (1: 
500; DSHB), LBPA (1:500; gift of Jean Gruenberg, University of Geneva, 
Switzerland), M6PR (1:100; Thermo-Scientific; mouse MAb), or EEA1 
(1:500; BD Biosciences) for 45 min at RT. After cells were washed, primary 
antibodies were detected with (1:1,500) anti-rabbit Alexa Fluor 647 and 
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FIG 3 EBOV GP begins to mediate cytoplasmic entry after a 30-min lag 
whether on a filamentous VLP or a spherical retroviral pseudovirion. VLPs 
(triangles, dashed line) or HIV pseudovirions (x, solid line) bearing EBOV GP 
were bound to BSC-1 cells at 4°C, warmed to 37°C, and analyzed for cytoplas- 
mic entry as described for Fig. 1. Each data point is the average from four 
samples (from two experiments performed in duplicate). Error bars indicate 
SD. None of the data points are statistically different at P values of <0.05. 


(1:1,500) anti-mouse Alexa Fluor 546 (Invitrogen) for 45 min at RT. All 
antibodies were diluted in 3% BSA-PBS. After being washed with PBS and 
distilled and deionized H,O, coverslips were mounted using Fluoro- 
mount G (Southern Biotech). Images were then collected with a Nikon C1 
laser scanning confocal microscope with a 100X objective as described 
above. Ten random fields were collected for each sample, and images were 
quantified for overlap using the JACoP plugin in ImageJ. Automatic 
thresholds were applied for both the green and red channels (uniformly to 
all images). The degree of colocalization is reported as an averaged 
Manders correlation coefficient. 

Transient transfection of GFP-Rab5, GFP-Rab7, and NPC1-GFP. 
BSC-1 cells (600,000) were seeded in 60-mm Falcon tissue culture dishes 
in BSC-1 medium (without antibiotic/antimycotic) and grown at 37°C 
with 5% CO, for 14 to 18 h, at which time they were transfected as follows: 
2.5 wg of DNA encoding GFP-Rab5, GFP-Rab7, or NPC1-GFP was di- 
luted in phenol red-free DMEM without serum or other additives to a 
final volume of 150 pl. A total of 15 ul of PolyFect (Qiagen) transfection 
reagent was mixed into the diluted DNA and allowed to incubate for 10 
min to allow complex formation. Meanwhile, cells were washed with 
PBS*~ and replenished with 3 ml of fresh BSC-1 medium. After 10 min, 
1 ml BSC-1 medium was added to the DNA-PolyFect solution, mixed up 
and down twice, and immediately added to the BSC-1 cells. A total of 5 to 
7 h posttransfection, cells were washed twice with PBS*™, lifted with 
0.05% trypsin-EDTA, and quenched with BSC-1 medium. A total of 
200,000 to 300,000 of the transfected cells were then seeded into 35-mm 
glass-bottom tissue culture dishes (MatTek), which had been coated with 
fibronectin (20 ug/ml in PBS**; Sigma-Aldrich) for 60 min prior to 
plating. Live-cell imaging experiments were conducted within 24 to 48 h 
posttransfection. 

Live-cell imaging of cathepsin L (cat L) Magic Red activity probe and 
data analysis. BSC-1 cells, transfected as described above, were pretreated 
with 10 uM CA-074-Me (Sigma-Aldrich), to inhibit cathepsin B (cat B) 
activity, in BSC-1 medium for 2 h. The cells were then washed and covered 
with 500 ul of imaging medium (10% FBS-FluoroBrite- DMEM, 10 mM 
HEPES, 10 uM CA-074-Me). Cells were then imaged every 5 s for 5 to 10 
min on a motorized stage maintained at 37°C using a 100X/1.49 Nikon 
objective on a Nikon Eclipse TE2000-E microscope equipped with a Yok- 
ogawa CSU 10 spinning-disk confocal unit and a 512-by-512 Hamamatsu 
9100c-13 EM-BT camera. A total of 10 to 25 s after commencing imaging, 
500 ul of 37°C imaging medium containing the Magic Red cat L activity 
probe (ImmunoChemistry Technologies) as per the manufacturer’s in- 
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FIG 4 EBOV GP VLPs begin to enter the cytoplasm after a 30-min lag whether 
they bear full-length, Amucin, or 19-kDa EBOV GP. VLPs bearing the indicated 
form of EBOV GP (full length, open black triangles, dashed black line; GPA, solid 
gray triangles, solid gray line; mock-cleaved GPA, open gray triangles, dashed gray 
line; 19-kDa GP, solid black triangle, solid black line) were bound to the surface of 
BSC (A), 293AD (B), or SNB19 (C) cells at 4°C, warmed, and assayed for cytoplas- 
mic entry as described for Fig. 1. Data points in each panel are the averages from 
duplicate samples, and error bars indicate SD. Data for panel 4C are from Fig. 2.5B 
from a Ph.D. thesis (24). None of the comparative data points (for different forms 
of GP) are statistically different at P values of <0.05. 


structions was added without interrupting imaging. Image analysis was 
performed on images that were taken 2 to 3 min after addition of the 
probe. Individual endosomes (based on GFP fluorescence) were selected 
as regions of interest (ROI) using NIS-Elements (Nikon). Pearson’s cor- 
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FIG 5 EBOV GP does not require unusually low pH to mediate cytoplasmic 
entry. BSC-1 cells were pretreated for 15 min with the indicated concentration 
of either NH,Cl (A) or bafilomycin (B, C). VLPs bearing EBOV GP (open 
triangles, dashed line), LCMV GP (squares, gray line), VSV G (circles, solid 
black line), or 19-kDa EBOV GP (black triangles, black line) were then bound, 
and the cells were processed and analyzed for cytoplasmic entry as described 
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relation coefficients between each ROI and the cat L probe fluorescence 
(red) were calculated using the same software. A total of 1,332 GFP-Rab5 
endosomes, 1,238 GFP-Rab7 endosomes, and 1,314 NPC1-GFP endo- 
somes were analyzed. Box plots of the Pearson’s coefficients were 
generated using BoxPlotR (18). Statistical analysis was performed using 
GraphPad Prism 6 (GraphPad Software). To test for normality, a D’Agostino- 
Pearson omnibus normality test was performed. A Kruskal-Wallis test fol- 
lowed by a Dunn’s posttest was completed to test for significance. 


RESULTS 


EBOV GP VLPs enter the cytoplasm later than particles bearing 
VSV G, LCMV GP, or influenza HA. We first compared the inter- 
nalization and entry kinetics of filamentous EBOV VLPs bearing 
either VSV G or EBOV GP. On authentic bullet-shaped VSV par- 
ticles, the G protein directs virus internalization by clathrin-me- 
diated endocytosis (CME) and entry primarily through early en- 
dosomes (19, 20). The VLPs we employed contain mCherry-VP40 
and B-lactamase-VP40 (Blam-VP40) in addition to native VP40, 
which drives assembly of long filamentous particles. mCherry- 
VP40 is used to monitor VLP internalization from the cell surface 
and trafficking within the cell, and Blam-VP40 is used to monitor 
cytoplasmic entry using a well-characterized virus entry assay 
(16). Like standard EBOV VLPs (21, 22), these entry reporter 
VLPs exhibit the same morphology and entry properties of infec- 
tious EBOV, and they can be engineered to incorporate foreign 
viral GPs (16, 23, 24). 

Filamentous VP40-based VLPs expressing VSV G were inter- 
nalized quickly from the cell surface and entered the cytoplasm 
soon thereafter (Fig. 1A), recapitulating internalization and entry 
kinetics of authentic (smaller) bullet-shaped VSV particles (19). 
In contrast, although internalized relatively quickly, VLPs bearing 
EBOV GP began to enter the cytoplasm only after a 30-min lag 
(Fig. 1B) and therefore with considerably slower overall kinetics 
than similarly sized VLPs expressing VSV-G. After internalization 
by macropinocytosis (25, 26), LCMV and other arenaviruses enter 
cells through LEs (13). Nonetheless, filamentous VLPs bearing 
LCMV GP initiated cytoplasmic entry after a significantly shorter 
lag (15 min) than ones bearing either full-length EBOV GP or 
EBOV GPA, which lacks the mucin-like domain (Fig. 2A). VP40- 
driven VLPs expressing VSV G and LCMV GP were shown, by 
negative-stain electron microscopy, to be similarly shaped fila- 
ments as those bearing EBOV GP (data not shown). As for fila- 
mentous LCMV GP VLPs, spherical and relatively small X:31 in- 
fluenza virus particles (~100-nm diameter), which are known to 
enter the cytoplasm through LEs (14), also commenced cytoplas- 
mic entry sooner (15-min lag) than VLPs bearing EBOV GP (Fig. 
2B). The average half-times for entry mediated by VSV G, influ- 
enza HA, LCMV GP, and EBOV GP were 22.5 (+3.5), 40.0 
(+7.1), 55.0 (+8.7), and 73.3 (+12.9) min, respectively. Collec- 
tively, the results in Fig. 1 and 2 indicate that while VLPs bearing 
EBOV GP are internalized from the cell surface relatively rapidly, 


for Fig. 1, except that the indicated concentration of the indicated inhibitor 
was present for all steps. Each data point in panels A and B is the average from 
six samples (from three experiments performed in duplicate). Each data point 
in panel C is the average from three samples from one experiment. In all 
panels, error bars indicate SD. Asterisks in panels A and B indicate that the 
value for EBOV GP is higher than that for LCMV GP (black) or VSV G (gray) 
at P values of <0.05 (*) or <0.005 (**). Note that a higher value indicates, if 
anything, lower sensitivity to the lysosomotropic agent. Asterisks in panel C 
indicate a higher value for EBOV GP than for the 19-kDa GP (*, P < 0.05). 
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FIG 6 EBOV VLPs begin to enter the cytoplasm soon after arrival in an NPC1* endosome. (A) EBOV GP VLPs were bound to parallel sets of BSC-1 cells at 4°C 
and, after being washed, incubated at 37°C. At the indicated time, cells were analyzed for cytoplasmic entry (open triangles, dashed line) as described for Fig. 1 
and for colocalization with NPC1 (solid triangles, solid line) as described in Materials and Methods. Data are the averages from six experiments. In each 
experiment, entry was monitored in duplicate samples and NPC1 colocalization was analyzed from 20 to 30 microscope fields. Colocalization is presented as 
Manders coefficients normalized to the average Manders coefficient at the 120-min time point (0.45 + 0.12). We did not extend the analysis to 180 min, as across 
all experiments entry at 120 min was 94.5% of that seen at 180 min (i.e., virtually maximal). Error bars indicate SD. There was no statistically significant difference 
between the extent of colocalization and the extent of entry at any of the time points. (B) Representative micrographs from 15-, 60-, and 120-min time points. 
Red, VLPs (Cherry-VP40); green, NPC1 (antibody staining). Yellow arrows indicate areas of overlap. 


they enter the cytoplasm slowly, even slower than influenza and _ bafilomycin as ones bearing the full-length GP (Fig. 5C). Hence, 
LCMV, late-penetrating viruses that enter the cytoplasm through the ~30-min lag before initiation of EBROV GP-mediated entry 
LE (15, 27). Furthermore, the results with VSV G and LCMV GP (Fig. 1 and 2) is not rate-limited by internalization kinetics (Fig. 
on filamentous VLPs (Fig. 1A and 2A) suggest that the unusual 1), particle size or shape (Fig. 3), priming to the 19-kDa GP1 (Fig. 
size and shape of the VLPs employed do not affect their entry 4), or aneed for unusually low endosomal pH (Fig. 5). 
kinetics. Evidence that EBOV enters the cytoplasm soon after arrival 
The lag before EBOV entry is not governed byinternalization in NPC1* endolysosomes (LE/Lys), where it remains sensitive 
kinetics, particle size or shape, or need for EBOV GP priming or to the cysteine protease inhibitor E64d. We next asked if arrival 
unusually low pH. Figure 1 demonstrates that the long lag pre- in NPC1* LE/Lys is a rate-defining step for EBOV entry. We ob- 
ceding EBOV cytoplasmic entry is not due to slow internalization served that VLPs bearing EBOV GP entered the cytoplasm with 
kinetics. Here, we tested other properties that might influence the kinetics indistinguishable from their colocalization with NPC1* 
late EBOV GP entry kinetics. We first confirmed that late EBOV LE/Lys (Fig. 6). In the cells studied, NPC1* LE/Lys contain rela- 
entry is not due to the large size (average length = 1 wm) or tively high levels of CD63, Lamp1, and Lamp2, which are reported 
unusual filamentous shape of EBOV particles, as suggested previ- to be present in LEs and Lys. Conversely, these NPC1* LE/Lys 
ously (28) and above. Spherical, ~100-nm-diameter HIV-Blam contain only modest levels of lysobisphosphatidic acid and only 
pseudovirions bearing EBOV GP entered the cytoplasm with the low levels of the early endosome marker EEA1 and the LE marker 
same kinetics as the large filamentous VLPs bearing EBOV GP = mannose-6-phosphate receptor (M6PR) (Fig. 7). A major sugges- 
(Fig. 3). In addition, VLPs bearing EBOV GP preprimed to 19- tion of Fig. 6 is that arrival in NPC1* LE/Lys isa rate-defining step 
kDa GP (the form that binds to NPC1) entered the cytoplasm with for EBOV GP-mediated entry. The data further suggest that once 
the same kinetics as ones bearing either full-length GP or GPA within NPC1~ LE/Lys, the conditions are suitable for relatively 
(Fig. 4). Moreover, EBOV GP does not require exposure to un- rapid fusion triggering. 
usually low pH to induce entry; VLPs bearing EBOV GP were not Processing of EBOV GP to 19 kDa fosters binding to NPC1 
more sensitive to either ammonium chloride (Fig. 5A) or bafilo- (10) and potentiates GP for in vitro conformational changes (29). 
mycin (Fig. 5B) than VLPs bearing VSV G or LCMV GP. In addi- We previously showed that entry mediated by the 19-kDa EBOV 
tion, VLPs bearing the 19-kDa GP showed the same sensitivity to GP remains sensitive to the cysteine protease inhibitor E64d and 
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FIG 7 Characterization of NPC1* endosomes in BSC-1 cells. BSC-1 cells were fixed, permeabilized, and stained with a rabbit monoclonal antibody against 
NPC1 as well as mouse monoclonal antibodies versus CD63, Lamp1, LBPA, M6PR, or EEA1, as indicated. They were then stained with corresponding Alexa Fluor 
647 anti-rabbit or anti-mouse Alexa Fluor 546 secondary antibodies, as appropriate, and observed by confocal microscopy. For each sample, 10 random fields 
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(B, D) are shown below each graph. The data are from two separate experiments shown on the left (A, B) and right (C, D). In another experiment, high 


colocalization was also seen between Lamp2 and NPC1 (not shown). 


to a cathepsin L (cat L) inhibitor (30), but it has remained unclear 
when, where, and why this is so. Here, we found that EBOV GP 
remains sensitive to E64d over the same time course as it remains 
sensitive to the fusion-inhibiting agent bafilomycin (Fig. 8A). 
Moreover, E64d neither blocked nor delayed trafficking of EBOV 
GP VLPs to NPC1” LE/Lys (Fig. 8B and C). These findings suggest 
that the post-19-kDa E64d-sensitive step (30, 31) occurs within 
the lumen of NPC1” LE/Lys. This further suggests that the final 
E64d-sensitive factor acts at, or temporally just upstream of, virus- 
endosome fusion, perhaps by cleaving 19-kDa GP to a final fu- 
sion-ready state (30, 32). 

SARS CoV entry also begins after a 30-min lag and after ar- 
rival in NPC1* LE/Lys. SARS engages its receptor, ACE2, on the 
cell surface. In cells that do not express trypsin-like proteases on 
their surface, SARS CoV enters the cytoplasm through endo- 
somes, where fusion is triggered by cat L cleavage of the SARS S 
(fusion) protein. This endosomal entry route has been substanti- 
ated by showing that E64d and cat L inhibitors block SARS S-me- 
diated endosomal entry and that cat L can induce fusion of SARS 
particles bound to ACE2 (33-36). However, the class of (cat L- 
containing) endosomes that serve as portals for SARS entry has 
not been determined. Since LEs are said to contain cathepsins 
(37), we predicted that SARS S-mediated entry would occur with 
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a time course similar to that seen for LCMV and influenza virus 
(Fig. 2; i.e., with an ~15-min lag), in other words, earlier than 
entry mediated by EBOV GP, which first begins after a 30-min lag. 
To test our prediction, we used HIV-Blam pseudovirions express- 
ing either EBOV GP or SARS S. To prevent SARS entry through 
the cell surface, the cells used to produce pseudovirions, as well as 
the target cells, were passaged without trypsin (see Materials and 
Methods). In sharp contrast to our expectation, pseudovirions 
bearing SARS S exhibited the same ~30-min lag before initiating 
entry as pseudovirions bearing EBOV GP (Fig. 9). Moreover, as 
for EBOV (Fig. 6), SARS entry was first seen after detecting colo- 
calization of SARS S pseudovirions with NPC1* LE/Lys, which 
also occurred after an ~30-min lag (Fig. 10). After the 30-min lag, 
the rate of SARS entry appeared somewhat slower than the rate of 
EBOV GP-mediated entry. In sum, the results in Fig. 9 and 10 
uncover unexpected similarities in the timing and location of en- 
try of SARS, a CoV, and EBOV, a filovirus. 

Evidence that NPC1~* LE/Lys have higher cat L activity than 
earlier endosomes. The late entry kinetics of EBOV, and espe- 
cially of SARS, suggested that NPC1* LE/Lys have higher cathep- 
sin activity than earlier endosomes, including LEs through which 
influenza and LCMV enter. To test this idea, BSC-1 cells were 
transfected to express GFP-Rab5, GFP-Rab7, or NPC1-GFP, and 
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FIG 8 EBOV GP VLPs remain sensitive to E64d within NPC1* endosomes. 
(A) EBOV GP VLPs overcome their sensitivity to E64d and bafilomycin with 
the same kinetics. EROV GP VLPs were bound to BSC-1 cells at 4°C and then 
warmed to 37°C. At the indicated times, cells were treated with bafilomycin 
(200 nM) or E64d (2 uM). Cells were then processed for EROV GP VLP 
cytoplasmic entry as described for Fig. 1. Each data point is the average from 
eight samples (from three experiments; two performed in triplicate and one 
performed in duplicate). Only one point showed a statistical difference: *, P< 
0.05. The same result was obtained in 293AD cells (not shown). (B) Neither 
E64d nor bafilomycin prevents the arrival of EBOV GP VLP in NPC1” endo- 
somes: BSC-1 cells were pretreated for 15 min with dimethyl sulfoxide 
(DMSO; mock) or the indicated concentration of inhibitor (Noc, nocodazole; 
Baf, bafilomycin; E64d). Samples taken 120 min post-warm-up to 37°C were 
then analyzed for VLP colocalization with NPC1 as described for Fig. 6 (20 
fields/sample; error bars represent SD). (C) EBOV GP VLPs are found within 
the lumen of NPC1* endosomes in the presence of E64d. Samples from the 
120-min time point (2 uM E64d) were processed as described for panel B and 
observed with a Plan Apo A/1.40 60X oil objective on a Nikon Eclipse 
TE2000-E fluorescence microscope. Left, representative image; right, X10 
zoom of white box. Red, EBOV GP VLP (mCherry-VP40); green, NPC1. 
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30-min lag. HIV pseudovirions bearing either SARS S (solid diamonds, solid 
line) or EBOV GP (open triangles, dashed line) were processed and analyzed 
for cytoplasmic entry (quenched with 5 yM E64d) as described for Fig. 1. Each 
data point is the average from four samples (from two experiments performed 
in duplicate). Error bars indicate SD, and asterisks indicate statistically signif- 
icant differences (*, P < 0.05) between EBOV GP and SARS S at the indicated 
time point. 


cat L activity was detected using a fluorescent cat L probe in con- 
junction with live-cell microscopy, as described in Materials and 
Methods. We first analyzed cat L activity in endosomes marked 
with GFP-Rab5 (Fig. 11A), which comprise both early endosomes 
(Rab5*/Rab7~) as well as transitional (Rab5*/Rab7~) endo- 
somes (Fig. 12) (38—41). As seen in Movie S1 in the supplemental 
material and Fig. 11A (asterisks), we did not detect cat L activity in 
GFP-Rab5~ endosomes. Therefore, neither early endosomes nor 
transitional endosomes have detectable cat L activity. We next 
analyzed cat L activity in endosomes marked with GFP-Rab7. In 
addition to being in transitional endosomes, Rab7 is found in LE 
and LE/Lys (Fig. 12). We detected two populations of endosomes 
marked with GFP-Rab7: one without cat L activity (Fig. 11B, as- 
terisks; see also Movie S2 in the supplemental material) and one 
with cat L activity (Fig. 11B, hatch marks; see also Movie S2). In 
this analysis, we also detected a population of vesicles with strong 
cat L activity but with no or minimal GFP-Rab7 (Fig. 11B, ar- 
rows). The latter population may represent lysosomes. We next 
analyzed cat L activity in endosomes marked with NPC1-GFP. 
Most of these endosomes contained cat L activity (Fig. 11C, hatch 
marks; see also Movie S3). 

As a measure of colocalization, the Pearson’s correlation coef- 
ficients (r) between the GFP marker and the cat L probe are plot- 
ted in Fig. 11D. For Rab5~* endosomes, the coefficient was 0.02, 
supporting a lack of cat L activity in early endosomes or transi- 
tional endosomes (Fig. 12). The r value for colocalization of GFP- 
Rab7 and cat L activity was 0.28, while that for NPC1-GFP and cat 
L activity was statistically higher (P < 0.0001), with a value of 
0.35. A high proportion of cat L activity recorded in Rab7~ 
endosomes likely stems from LE/Lys (Rab7"/NPC1"), due to 
the high degree of colocalization of Rab7 and NPC1 (Fig. 11E) 
(42). Therefore, LE (Rab7"/NPC1_) likely have even lower 
levels of cat L activity than LE/Lys (Rab7"/NPC1”), as might 
be inferred from Fig. 11D. Collectively, the results in Fig. 11 
(and Movies S1 to S3 in the supplemental material) provide 
strong evidence that along the endocytic pathway, cat L activity 
is, indeed, highest in NPC1* LE/Lys (Fig. 12). 
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FIG 10 SARS S pseudovirions begin to enter the cytoplasm after colocalization with NPC1. (A) SARS S pseudovirions were bound to parallel sets of BSC-1 cells 
at 4°C and then incubated at 37°C to allow internalization and entry. At the indicated times, cells were analyzed for cytoplasmic entry (open diamonds, dashed 
line) as described for Fig. 3 or colocalization with NPC1 (solid diamonds, solid line) as described in Materials and Methods. Entry data are the averages from five 
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normalized to the average Manders coefficient at 120 min (0.43 + 0.11). Error bars indicate SD. ***, P < 0.0005, for the 60-min time point. (B) Representative 
images from the 15-min, 60-min, and 120-min time points are shown. Red, staining for HIV p24; green, staining for NPC1. Yellow arrows indicate areas of 
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DISCUSSION 


In the present study, we provide new insights into the entry pro- 
cesses of the filovirus EBOV and SARS CoV. We found that (in the 
cells studied) EBOV enters the cytoplasm later than LCMV and 
influenza virus, viruses that enter the cytoplasm through LE. We 
further showed that late EBOV entry is not due to the filamentous 
morphology of EBOV particles, their internalization kinetics, 
their need for proteolytic priming of GP to the 19-kDa species, or 
a need for unusually low endosomal pH. Rather, a key rate-defin- 
ing step for EBOV entry appears to be arrival in NPC1* LE/Lys. 
Moreover, contrary to our expectation, we found that SARS CoV 
displays similarly late endosomal entry kinetics, also commencing 
after colocalization with NPC1. And lastly, we found that NPC1 ü 
LE/Lys have higher levels of cat L activity than LE, with no detect- 
able cat L activity in early or transitional endosomes. We discuss 
our findings in terms of the sites of entry, mechanisms of fusion 
activation, and therapeutic opportunities for SARS and EBOV. 
Sites of EBOV and SARS endosomal entry. Our findings indi- 
cate that both SARS and EBOV enter the cytoplasm after a notice- 
ably longer lag, and with considerably slower overall kinetics, than 
either influenza virus or particles bearing the GP of LCMV, viruses 
that enter the cytoplasm through LEs (15). Additionally, endo- 
somal entry of both SARS and EBOV first begins after detectable 
colocalization with NPC1. Given the closeness in timing between 
colocalization of EROV GP VLPs with NPCI1, its obligate endo- 
somal receptor (8, 9), and entry (Fig. 6A), we propose (Fig. 12) 
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that entry of EBOV occurs through NPC1” LE/Lys. Based on sim- 
ilar findings in Fig. 10, we propose that SARS also enters through 
NPC1* LE/Lys. Interestingly, two other shared features have re- 
cently been revealed for SARS and EBOV: entry of both viruses 
(from disparate families) is restricted by (i) similar interferon- 
inducible transmembrane proteins (43) as well as by (ii) some of 
the same FDA-approved drugs (16, 23, 44). Our findings suggest- 
ing a late, perhaps common, entry portal for EBOV and SARS may 
help explain the latter two observations. Moreover, recent evi- 
dence suggests that two other CoVs, mouse hepatitis virus and 
feline CoV, enter the cell through LE/Lys (45). 

Why might SARS and EBOV need to traffic late in the endo- 
cytic pathway for entry? (i) SARS. The current model for SARS 
entry posits that binding to its cell surface receptor, ACE2, induces 
conformational changes that potentiate the S glycoprotein for a 
fusion-inducing proteolytic cleavage event (33, 34, 36). In many 
cells, including cells of the respiratory tract, it is thought that cell 
surface trypsin-like proteases enact this cleavage (35, 46). How- 
ever, in cells that lack such proteases, the fusion-activating cleav- 
age is carried out by endosomal cathepsins. Evidence supporting 
cat L-dependent SARS endosomal entry stems from the observa- 
tion that cat L treatment is sufficient to induce fusion of SARS 
(bound to ACE2) (47, 48). This suggests that cat L activity may be 
the only endosomal factor needed to trigger SARS S. While there is 
a consensus that cat L cleavage of SARS S occurs in endosomes (33, 
34, 36), the specific class of endosomes where cat L cleavage, and 
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FIG 11 Colocalization of cat L activity with Rab5", Rab7*, and NPC1* endosomes. BSC-1 cells were transfected to express GFP-Rab5, GFP-Rab7, or 
NPC1-GFP, incubated with a cat L activity probe, and analyzed by live-cell microscopy on a spinning disk confocal microscope as described in Materials and 
Methods. Shown are images from the respective movies at 2 to 3 min after the addition of substrate for cat L activity (red) and endosomes (green) marked by 
GFP-Rab5 (A), GFP-Rab7 (B), or NPC1-GFP (C). (D) Box plots showing the Pearson correlation coefficients (calculated as described in Materials and Methods) 
between GFP-Rab5 (n = 1,332), GFP-Rab7 (n = 1,238), or NPC1-GFP (n = 1,314) and cat L activity. Asterisk denotes statistical significance (P = 0.0001). 
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hence SARS entry, occurs has not been established. Our observa- 
tions suggest that although SARS does not need the NPC1 protein 
for entry (49), it traffics deep and late into the endocytic pathway, 
to or through NPC1" LE/Lys, to fuse and gain access to the cyto- 
plasm. Since the only post-ACE2 binding requirement for SARS 
endosomal entry is cat L activity, we propose that SARS travels 
deep down the endocytic pathway to access sufficiently high levels 
of cat L to trigger fusion. Supporting this proposal, we provide 
evidence that NPC1~ LE/ Lys do, indeed, contain higher levels of 
cat L activity than LE and that early and transitional endosomes 
lack detectable cat L activity. 

(ii) EBOV. NPC1, which is essential for EBOV entry (8, 9, 49), 
serves as a high-affinity intracellular receptor for a proteolytically 
primed form of EBOV GP (4—7). Whereas full-length EBOV GP 
and EBOV GPA cannot bind to NPC1, primed 19-kDa EBOV GP 
can (8, 10, 16). The 20-kDa EBOV GP, which can be produced by 
in vitro treatment of EBOV GP with cat L (29, 30, 50) or chymo- 
trypsin (31), can also bind to NPC1 (51) (data not shown). As 
discussed for SARS, it has remained unclear where along the en- 
docytic pathway cathepsin cleavage of EBOV GP, to an NPC1 
binding form (~20 or ~19 kDa), occurs (4). Furthermore, EBOV 
particles remain sensitive to E64d and a cat L inhibitor even after 
cleavage of GP to the 19-kDa species (30), and E64d sensitivity 
appears to be maintained up until, or shortly before, the moment 
of fusion (Fig. 8). In addition to providing a docking protein 
(NPC1) on the limiting endosomal membrane, NPC1” LE/Lys 
may also provide needed levels of a cathepsin or another cysteine 
protease to cleave the 19/20-kDa GP (30, 32, 52), a cleavage event 
that might occur after binding to NPC1 (which may first induce a 
conformational change in 19-kDa GP). By analogy with SARS, a 
post-receptor (NPC1) binding cleavage event in 19-kDa GP might 
trigger EBOV fusion. A major difference would be that whereas 
SARS S engages its receptor, ACE2, at the cell surface, primed 
(19/20-kDa) EBOV GP first binds its receptor (NPC1) in LE/Lys. 
In addition to optimal cathepsin levels and low pH (29, 53, 54), 
NPC1* LE/Lys may possess a lipid composition and/or other fac- 
tors required for optimal EBOV fusion (16). 

Implications for therapeutics and other late-penetrating vi- 
ruses. As discussed above, there appear to be unexpected similar- 
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ities in the location, timing, requirements for, and restrictions of 
entry of SARS and EBOV. This suggests that it may be possible to 
identify small molecules that thwart both EBOV and SARS. In- 
deed, several small molecules (in addition to cathepsin inhibitors 
[55—-57]|) have been found that block both viruses (16, 23, 44), 
although it is not yet clear if they are working through common 
mechanisms against both EBOV and SARS. The latter might in- 
clude drugs that block virus trafficking to, or maturation of, 
NPC1* LE/Lys. Reoviruses require cathepsin processing for entry 
(58), and cathepsins also appear to enhance rotavirus entry (59). 
While it has generally been thought that these viruses enter 
through LEs, it is possible that they too enter deeper in the endo- 
cytic pathway, and that some drugs that block SARS and EBOV 
may block entry of other late-penetrating viruses that also require 
cathepsins for cell entry. 
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